In hunting for unknown genes on the human X chromosome, we identified a cDNA in Xq28 encoding a transmembrane protein (SEX) of 1871 amino acids. SEX shares significant homology with the extracellular domain of the receptors encoded by the oncogenes MET, RON, and SEA [hepatocyte growth factor (HGF) receptor family]. Further screenings of cDNA libraries identified three additional sequences closely related to SEX; these were named SEP, OCT, and NOV and were located on human chromosomes 3p, 1, and 3q, respectively. The proteins encoded by these genes contain large cytoplasmic domains characterized by a distinctive highly conserved sequence (SEX domain). Northern blot analysis revealed different expression of the SEX family of genes in fetal tissues, with SEX, OCT, and NOV predominantly expressed in brain, and SEP expressed at highest levels in kidney. In situ hybridization analysis revealed that SEX has a distinctive pattern of expression in the developing nervous system of the mouse, where it is found in postmitotic neurons from the first stages of neuronal differentiation (9.5 day postcoitus). The SEX protein (220 kDa) is glycosylated and exposed at the cell surface. Unlike the receptors of the HGF family, p220 SEX , a MET-SEX chimera or a constitutively dimerized TPR-SEX does not show tyrosine kinase activity. These data define a gene family (SEX family) involved in the development of neural and epithelial tissues, which encodes putative receptors with unexpected enzymatic or binding properties.
Proteins spanning the cell plasma membrane have a major role in the signal exchange between the cytoplasm and the surrounding environment. Single-pass transmembrane proteins (i.e., those having a single transmembrane domain) are involved in cell signaling via specific interactions with soluble, cell surface, or matrix-bound molecules (1) (2) (3) . The large extracellular region of these proteins is characterized by specific structural motifs (4, 5) . Single-pass transmembrane proteins include receptors for growth factors and cytokines, some of which are equipped with intrinsic tyrosine or serine͞ threonine kinase activity and directly activate signal transduction pathways (for reviews, see refs. 6 and 7). Other receptors associate with cytoplasmic signal transducers with catalytic properties (8) .
The family of the MET-related genes (MET, RON, and SEA) encodes single-pass transmembrane proteins sharing structural homology in their extracellular domains and including a conserved intracellular tyrosine kinase (TK) domain (9) (10) (11) (12) (13) . Upon ligand binding to the extracellular domain, these receptors undergo dimerization and transduce intracellular signals via the large cytoplasmic domain (14) (15) (16) . Hepatocyte growth factor (HGF) family growth factor receptors are implicated in a common array of complex biological functions, including proliferation, motility, and differentiation of epithelial, endothelial, and blood-derived cells (17) (18) (19) . The protooncogene MET is frequently overexpressed in neoplastic cells and, due to its prominent role in the control of motility and invasion, is involved in metastasis formation (20) (21) (22) .
In this paper, we identify a family of genes encoding putative receptors with structural similarities to the extracellular domain of the MET͞HGF receptor. The large cytoplasmic domains of these proteins display no similarity to TKs; instead, they share a highly homologous sequence, suggesting signal transduction by uncharacterized enzymatic or binding properties.**
MATERIALS AND METHODS
Cells and Antibodies. IMR-32, Neuro2a, and COS-7 cell lines were obtained from the American Type Culture Collection. BOSC23 is a subline of 293T human fetal kidney (23) . A glutathione S-transferase fusion protein containing the last 38 amino acids of SEX, obtained by PCR amplification and cloning in pGEX-1T vector (Pharmacia), was purified and used as immunogen to raise anti-SEX antibodies in rabbits, which were then purified by affinity chromatography.
cDNA Library Screening and Cloning of Human and Murine Sequences. The SEX cDNAs were isolated from human fetal brain, skeletal muscle, and total human embryo cDNA libraries (24) . OCT and NOV were isolated from a skeletal muscle cDNA library (Clontech) using a Sac II subclone of the SEX cDNA (63-10-S3) as a probe. The cDNAs encoding SEP were isolated from a human fetal brain cDNA library (Stratagene). Hybridization conditions were as described (24) . The mouse Sex cDNA probe used for in situ hybridization experiments was obtained by reverse transcription (RT)-PCR amplification of mouse brain cDNA as described (25) . The primers, derived from the human sequence, were 6.3B52 (5Ј-CTTCAACTGTGGCTGGTGCATCTC-3Ј, positions 2597-2610) and 6.3B31 (5Ј-CACTCACAGTGATGGCAGT-GCTTC-3Ј, positions 3324-3301) and the annealing step was performed at 62°C. The murine sequence was 83% and 88% identical to the human SEX sequence at the nucleotide and protein levels, respectively. Nucleotide sequences, obtained by
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Construction of MET-SEX and TPR-SEX chimeras. (i) Two cDNA fragments corresponding to the extracellular domain of the HGF receptor and to the transmembrane and intracellular domains of SEX were generated by PCR and joined by in-frame Mlu I restriction sites. The MET antisense primer was 5Ј-TACCACGCGTTACTTTTCCAAGGAC-3Ј (positions 2949-2964; accession no. X54559); the SEX sense primer was 5Ј-TCGACGCGTCTGCACACTTCGGCAGA-3Ј. (ii) Similarly, two cDNA fragments, corresponding to the TPR sequence found in the TPR-MET oncogene (16) and to the intracellular domain of SEX, were joined by in-frame Spe I restriction sites. The TPR antisense primer was 5Ј-GGACT-AGTTAAGTATTCAAGTTCTTGA-3Ј; the SEX sense primer was 5Ј-TGACTAGTACCCTCAAGCGTCTGCA-3Ј (positions 3945-3962).
Northern Blots and in Situ Hybridization. Poly(A) ϩ RNA was hybridized at high stringency using standard methods (27) with the following probes: for SEX, the subclone 6.3␣-SG, EcoRI͞Sac II; for SEP, a fragment from nucleotides 1217-1790 of the cDNA, prepared by RT-PCR; for OCT, the whole isolated m9 cDNA; for NOV, the 600-bp subclone m13-0.8, from the 5Ј end of the cDNA to a Sma I site. CTP[␥- 35 S]-labeled antisense RNA probes (105 cpm͞ml) were generated from the murine Sex cDNA and used for in situ hybridization as described (19) .
Expression in Eukaryotic Cells. The cDNA constructs were subcloned in pXMT2 or pBAT and transfected by calcium phosphate in COS-7, BOSC23, and Neuro2a cells. Western blots, cell surface biotinylation, and immunoprecipitations were performed as described (28) .
RESULTS
Isolation and Sequence Analysis of SEX cDNA. In hunting for genes on the human X chromosome by CpG island screening (24), we identified two overlapping cDNAs in Xq28-6.3 A and 6.3 B. The cDNAs mapped between the 9F and GdX genes and identified a transcript, which was called 6.3. By further screening of cDNA libraries with these sequences, we isolated additional overlapping clones for an approximate total length of 6 kb ( Fig. 1) . A sequence of 6039 nucleotides was determined; on comparison with computer data bases, it did not show similarity to any known nucleotide sequences. An open reading frame (ORF) encoding a potential protein of 1871 amino acids was identified within the sequence (Fig. 2) . The corresponding gene was named SEX, since it maps on the long arm of the sex chromosome X.
The most upstream initiation site is an ATG codon at position 192, surrounded by a sequence (CGGCCATGC) that represents a good match with the consensus proposed by Kozak (29) for initiation of translation. A termination codon (TAA) was found at nucleotide 5805, followed by several stop codons in all reading frames. None of the cDNAs included a poly(A) ϩ tail or a polyadenylylation consensus sequence at its 3Ј end. A hydrophobic peptide of 19 amino acids downstream from the initiation codon has the features of a signal peptide for membrane localization (30) . The hydropathicity plot (31) of the predicted amino acid sequence identified a second hydrophobic stretch from residue 1215 to 1241, which has the characteristics of a transmembrane domain. This is followed by a stretch of basic amino acid residues, the typical feature of stop-transfer sequences (Lys 1243 -Arg-Lys). The expected molecular mass of the SEX core protein, after cleavage of the signal peptide, is Ϸ200 kDa.
The N-terminal region is 1194 amino acids long and includes nine potential N-glycosylation sites. Comparison of the SEX sequence with the protein data bases showed a region of similarity to the extracellular domains of the receptors encoded by the MET oncogene family, MET, RON, and SEA (9, 12, 13, 32) . The overall sequence identity between the extra- cellular domains of these proteins is Ͼ20%, and notably the cysteines occupy conserved relative positions (Fig. 3) . Furthermore, in SEX and in all members of the MET family the cysteines are grouped in regularly spaced clusters. One of these is found once in the extracellular domain of the HGF receptor family, whereas it occurs three times in SEX, suggesting a triplication of the corresponding DNA sequence. We refer to this cysteine cluster as the MRS motif (MET-related sequence).
The large intracellular portion of SEX is 630 amino acids long and, surprisingly, it lacks a TK domain; nor does it share homology with any known functional motif. Based on these structural features, we concluded that the newly identified SEX gene encodes a single-pass transmembrane protein sharing significant homology with the extracellular domain of the receptors encoded by the MET oncogene family.
SEX Is the Prototype of a Gene Family Encoding Structurally Related Proteins. Using as a probe a subclone of SEX cDNA spanning the transmembrane domain, two other closely related sequences were identified from a skeletal muscle cDNA library. The cDNAs, named m9 and m13, were 2.2 and 1.5 kb long and proved to be 75% and 72% identical to SEX, respectively. A third SEX-related cDNA sequence (Fb7) was meanwhile isolated by serendipity from a human fetal brain cDNA library. This was sequenced and found to be closely related to SEX. By further screening of cDNA libraries with Fb7, two other overlapping clones were identified, yielding a 5.3-kb cDNA sequence. This included a poly(A) tail at its 3Ј end and an ORF predicting the intracellular, the transmembrane, and part of the extracellular domain of a protein that shares 37% overall identity with SEX. Additional partial clones have also been observed, which indicate that SEP exists in alternatively spliced isoforms. The three SEX-related sequences were named SEP (Fb7), OCT (m9), and NOV (m13), according to the Latin ordinals following six. The genes corresponding to SEX, OCT, and NOV mapped on different chromosomes. By probing a panel of human-hamster hybrids, we determined that SEP maps to the short arm of human chromosome 3 (p1.4-pter), NOV maps to the long arm of chromosome 3 (q2.1-qter), and OCT maps to human chromosome 1.
The sequence encoding the extracellular domains of SEP, OCT, and NOV could be aligned with that of SEX, as well as with the MET family of receptors, confirming the distinctive conservation of cysteine residues (Fig. 3) . The SEP extracellular domain also includes two MRS motifs, described above as typical features of the MET and SEX protein families.
The intracellular domains of OCT and NOV are 76% and 81% identical to that of SEX, respectively. The identity between SEX and SEP cytoplasmic domains is 48%: comparing these sequences, two homology regions of approximately 320 and 150 amino acids can be identified. These are separated by a divergent insert of Ϸ70 residues.
The SEX Family of Genes Is Predominantly Expressed in Fetal Epithelial and Neural Tissues. Expression of the specific mRNA of SEX, and of the other members of the family, was examined by Northern blot analysis in a large panel of human adult and fetal tissues. To avoid cross-hybridization the probes were prepared from the most divergent portions of the cDNAs, corresponding to the extracellular domains of the proteins. The four genes of the SEX family encode long mRNAs (7.5-9 kb) and are widely expressed in adult tissues, with prominent levels in brain, kidney, ovary, and testis. Several cell lines of neural origin express the SEX transcript, including IMR-32 human neuroblastoma-derived cells (data not shown). Northern blot analysis of RNAs from fetal tissues (Fig. 4) showed that SEX, NOV, and OCT have a predominant expression in fetal neural tissues, whereas SEP is most highly expressed in fetal kidney.
SEX Expression Is Regulated During Development of the Mouse Nervous System. We studied the expression of SEX during mouse brain development by in situ hybridization analysis of mouse embryos from 9.5 to 17.5 days postcoitus (dpc) and of brain of adult mice. A murine Sex cDNA fragment was synthesized by RT-PCR, and this was used to prepare an antisense RNA probe. Sex transcripts were detectable as early as 9.5 dpc in the ventral region of the spinal cord, where motoneurons start differentiating (Fig. 5A) . At 10.5 dpc, hybridization becomes very strong in the whole ventral spinal cord and in spinal ganglia and becomes visible in the neuroepithelia of the encephalic vesicles. At 11.5 dpc, the postmitotic neurons at the base of the telencephalon are positive for expression of Sex, as are the cranial ganglia, the olfactory neuroepithelia, and the infundibulum (Fig. 5B) . At 12.5 dpc, Sex changes its expression pattern and appears uniformly distributed in the ventral and in the dorsal portions of the spinal cord. At later stages (14.5 dpc; Fig. 5C ), the whole neuronal layer of the telencephalon is positive and the neuronal layer of the retina shows a very specific and strong hybridization. In the adult mouse brain (Fig. 5D) , Sex transcription is elevated in the cortex of the frontal lobe and in the olfactory bulbs, spinal cord, and ganglia.
Structure and Biosynthesis of the SEX Protein. Three overlapping SEX cDNA clones were joined through EcoRI and HindIII internal restriction sites to assemble the entire ORF encoding SEX. The cDNA was subcloned in eukaryotic expression vectors and transfected in human kidney cells (BOSC23) or in murine neural-derived cells (Neuro2a). The synthesized protein was analyzed by Western blotting using (1996) anti-SEX affinity-purified antibodies prepared as described.
The protein showed a mass of 220 kDa (p220 Sex ) when analyzed under reducing (Fig. 6, lane B) and nonreducing (data not shown) conditions. Treatment with tunicamycin, to abolish protein N-glycosylation, yielded a core precursor protein of Ϸ200 kDa (lane C). Accordingly, the endogenous SEX protein, analyzed by Western blots of the human neuroblastoma-derived cell line IMR-32, consisted of a doublet of specific bands of 220 and 200 kDa corresponding to the mature and to the precursor protein (lane D). The subcellular localization of SEX, transfected or endogenously expressed, was studied by using surface-biotinylated cells and immunoprecipitation with anti-SEX antibodies (lane G). These data show that SEX is a monomeric glycosylated protein exposed at the cell surface.
The Intracellular Domain of SEX Is Not Endowed with Kinase Activity. p220 Sex was assayed for tyrosine phosphorylation in intact cells and for kinase activity in vitro in the presence of [␥-32 P]ATP and various buffers permissive for the reaction (10) . Similar analyses were performed upon stimulation with HGF on a MET-SEX chimeric protein containing the extracellular domain of the HGF receptor and the intracellular domain of SEX. Neither the full-size nor the chimeric SEX was ever found tyrosine phosphorylated or showed detectable kinase activity (data not shown). Notably, since the MET-SEX chimera was expressed in cells provided with endogenous MET, heterodimers were detected by immunoprecipitation and Western blotting with either antibody. In these heterodimers, only the ␤ chain of MET was tyrosine phosphorylated. No heterodimers were found when the same cells were transfected with full-size p220 Sex .
Moreover, we investigated the function of SEX by attempting activation through constitutive dimerization of the intracellular domain, by analogy to what is known for the MET-HGF receptor family. A chimeric fusion protein was used containing the intracellular domain of SEX and a sequence derived from 5Ј of the TPR gene (TPR-SEX). This sequence includes two leucine zipper motifs, and it is known to induce constitutive dimerization and activation of TKs (33) . The TPR-SEX homodimers were immunoprecipitated and tested in the kinase assay; also, in this case no phosphorylation was ever observed. After cotransfection of the cDNAs encoding TPR-SEX and TPR-MET chimeras (approximately 75 and 65 kDa, respectively), heterodimers of the two cytoplasmic domains were immunoprecipitated and assayed for kinase activity. The TK domain of MET could not phosphorylate the cytoplasmic domain of SEX (data not shown).
We finally tested the transforming potential of SEX by focus formation assay as described (34) . Neither SEX nor TPR-SEX could induce transformed foci formation (data not shown).
DISCUSSION
This paper identifies a family of human genes (SEX, SEP, OCT, and NOV) encoding single-pass transmembrane proteins with large extracellular and cytoplasmic domains. Most of the proteins with these structural features act as receptors for environmental signals and can be grouped according to their structure (5, 35) . A large extracellular domain is common to all transmembrane receptors, featuring the binding site for the specific ligand, either a cell matrix-associated molecule or a soluble factor. The size of the intracellular domain varies according to different structural and͞or signaling functions. Integrins, which are receptors for matrix-bound proteins, and selections and cadherins, which behave as cell-cell recognition molecules, feature small intracellular domains (see, e.g., ref.
3). Exceptions to this rule are known (36) . Hormone and growth factor receptors have a large intracellular domain, which either is endowed with intrinsic enzymatic activity (mostly tyrosine-or serine͞threonine-kinase) or associates with catalytic cytoplasmic molecules (8) . Although several transmembrane receptors have been described, fewer ligands have so far been identified. Functions have been assigned to the putative receptors based on structural similarities (37, 38) .
A putative receptor function for the protein encoded by the SEX gene is further suggested by its significant similarity to members of the MET gene family; these include the receptor for the growth factor HGF (MET), the receptor for MSP (RON), and the orphan receptor encoded by the protooncogene SEA (11) (12) (13) . When the sequences of SEX, SEP, MET, RON, and SEA were aligned, it was noted that most of the cysteines in the extracellular domains have conserved their relative positions (Fig. 3) . Interestingly, these residues can be grouped in clusters, one of which is repeated three times in SEX and twice in SEP. The repeated duplication of the corresponding DNA sequences during evolution suggests a functional role for this motif, which we name the MRS motif. The alignment of cysteines was first observed when comparing the sequences of MET and its close relative RON and is considered an important structural feature of the MET gene family (12) . The relative positions of the cysteine residues are FIG. 5 . Expression of SEX in the nervous system of the developing and adult mouse. In situ hybridization analysis was performed with a murine Sex RNA probe. Sections of mouse embryo at 9.5 dpc (A), 11.5 dpc (B), and 14.5 dpc (C); section of adult mouse brain. (D) A, B , and D are sagittal sections; C is a transverse section. sc, Spinal cord; s, somite; sg, spinal ganglia; ev, encephalic vesicles; i, infundibulum; ol, olfactory lobe; fc, frontal cortex; hi, hippocampus; ey, eye; nr, neural layer of the retina. crucial for forming the intrachain disulfide bridges that stabilize the three-dimensional conformation of the extracellular domain containing the ligand binding site. This may account for the ability of MET and RON receptors to bind HGF and MSP, respectively, which themselves are structurally related growth factors containing conserved kringle domains (39, 40) . SEX and its sister proteins SEP, OCT, and NOV could therefore act as receptors for still unidentified soluble factors, possibly related to HGF and MSP and͞or characterized by the presence of kringle domains.
The four genes of the SEX family are widely expressed in adult tissues. However, Northern blot analysis of fetal tissues revealed that their expression is much more restricted during development. SEX, OCT, and NOV showed a predominant expression in neural tissue, whereas SEP was most highly expressed in fetal kidney. These data indicate that during development, the functional role of these putative receptors is restricted to specific tissues. This was also confirmed by in situ hybridization analysis, showing that the expression pattern of SEX in the mouse nervous system is highly regulated during the initial stages of neuronal differentiation. SEX mRNA is initially transcribed in motoneurons of the spinal cord, and subsequently in the ganglia, in neural epithelia of sensory organs, in the encephalic vesicles, and in the telencephalon. The high level of SEX gene expression in postmitotic neurons suggests the possible involvement of the encoded putative receptor in initiating or maintaining the embryonal neural differentiation.
The putative signaling functions of SEX-related proteins are likely mediated by their conserved cytoplasmic domains. The corresponding amino acid sequences are Ͼ50% identical among members of this family, thus establishing a distinctive structural feature totally unrelated to the TK domains of growth factor receptors or to any other known catalytic sequence. We call this unique structure sex domain. A TK with a noncanonical sequence in the catalytic domain has recently been described (41) . However, after careful testing, any kinase activity was ruled out. We conclude that the SEX protein exerts its function(s) either via an unexpected enzymatic activity or by association with still unidentified intracellular transducers.
